• This is the author's version of a work that was accepted for publication Hydrophobic modification of membrane surface was made by surface coating with silicone resin. The results are discussed using the non-uniform capillary bundle model of membrane permeability. The mean pore tortuosity of 1.28 was kept constant over the whole range of mean pore sizes investigated. The SEM images confirmed that the geometry of pore network was similar for all SPG membranes, irrespective of their mean pore size. The span of pore size distribution ranged from 0.28 to 0.68 and the number of pores per unit cross-sectional -2-membrane area from 10 9 to 10 13 m -2 . The membrane resistance was unchanged after surface treatment with silicone resin, which means that the pores were not plugged by the resin, even in the submicron range of mean pore sizes.
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Introduction
Shirasu porous glass (SPG) is a special kind of porous glass, obtained by phase separation of a primary CaO-Al 2 O 3 -B 2 O 3 -SiO 2 type glass, made of Shirasu (volcanic ash from the southern part of Kyushu island), calcium carbonate and boric acid [1] . Shirasu is added as a source of SiO 2 and Al 2 O 3 , but since it is a natural material, it contains also small amounts of other components, such as Na 2 O, K 2 O, Fe 2 O 3 , etc [2] . After primary glass is formed into tube, it is subjected to heat treatment at a temperature of 650-750 °C for the periods ranging from several hours to tens of hours [2, 3] . This treatment causes the homogeneous primary glass to transform into a heterogeneous two-phase glass consisting of Al 2 O 3 -SiO 2 and CaO-B 2 O 3 phases. Since the CaO-B 2 O 3 phase is readily soluble in acid, a porous glass membrane is obtained by immersing the phase-separated glass into a dilute solution of hydrochloric acid. The mean pore size of SPG membrane can be controlled by adjusting the heat treatment conditions (time and temperature).
SPG finds many applications as a packing for HPLC columns, a carrier of enzymes and tissue cultures, an injection needle for blood transfusion and dialysis, and especially as a high-functional dispersion and separation membrane for preparing uniform droplets and micro-bubbles [3] [4] [5] , microfiltration of oil-in-water (O/W) emulsions and suspensions [6] [7] [8] , etc. The microstructure of SPG is of primary importance in any application. In membrane emulsification, the droplet size distribution of prepared emulsion depends crucially on the pore size distribution and wetting characteristics of SPG membrane used. The mean pore size determines the critical pressure under which no permeation of disperse phase is possible. In microfiltration of O/W emulsions, the pore size distribution of SPG membrane determines the rejection coefficients and the critical pressure under which the large droplets are completely retained by the membrane. Above this critical pressure the droplets pass through the membrane even if they are larger than the pore size. If SPG powder is used as a packing material for HPLC, the pore size distribution of SPG strongly affects retention time and the resolution of separation [2] . The geometries of the pore space and network play a very important role in providing high mechanical strength and high thermal resistance shock of SPG compared to the porous Vycor glass and a porous alumina of the same porosity [9] .
The aim of this work was to analyze the microstructure of SPG membrane over a wide range of mean pore sizes (0.262-20.3 µm) by measuring membrane permeability to pure liquids and using Hg intrusion porosimetry and scanning electron microscopy. The experiments have been carried out using both hydrophilic and hydrophobic SPG membranes. The SPG membrane is inherently hydrophilic due to the presence of silanol groups on the surface. However, a hydrophobic SPG membrane is indispensable in the preparation and microfiltration of water-in-oil (W/O) emulsions [10] . The special attention has been paid to the possible effects of surface treatment with silicone resin on the membrane resistance. 
from which the hydrodynamic membrane resistance is given by:
However:
where ε is the porosity of membrane wall, r i is the volume fraction of the pores in the ith range of pore sizes, i.e. the volume of the pores in the ith range divided by the total pore volume, and d p is the volume-weighted mean pore diameter given by: 
The hydrodynamic permeability of membrane is given by:
It should be noted that the membrane resistance, R m , is independent on the viscosity of the permeating liquid, η (Eq. 11), but depends on the membrane thickness, δ m . On the other hand, the membrane permeability, P, is inversely proportional to η, but it is unaffected by the membrane thickness.
Experimental

Membranes and membrane modules
The permeability experiments have been carried out using 9 different SPG membrane tubes obtained from SPG Technology Co., Sadowara, Japan with an inner diameter of 7.9- In order to investigate the influence of wall wettability on permeation behavior, SPG membranes were coated with silicone resin to render its surface hydrophobic. This treatment involved the immersion of membrane in a commercial silicone resin solution (KP-18C, Shin-Etsu Chem. Ind. Co., Ltd, diluted with distilled water in the ratio of 1:100) at room temperature for 24 h, followed by drying in an oven at 100º-120 ºC for several hours [12] .
After immersion, the air bubbles were removed from the interior of the pores by ultrasonication for 15 min. The hydrophilic nature of SPG membrane can be restored again by heating the hydrophobic membrane at 500 °C for 30 min [12] .
Experimental set-up and procedure
The experimental set-up used for membrane permeability measurements is shown in connecting the pressure vessel and the module, the transmembrane pressure was measured using the pressure gauge attached directly to the module shell (G2 in Fig. 1 ). For relatively small liquid flow rates, the transmembrane pressure was measured using either G1 or G2 pressure gauge. All experiments were performed at 298 K. The density of permeating liquids at this temperature was 997 and 790 kg/m 3 for water and ethanol, respectively. The dynamic viscosity at 298 K was 0.90 and 1.12 mPa⋅s for water and ethanol, respectively.
Results and discussion
Pore structure of SPG membranes
Figures 2 and 3 show the scanning electron micrographs of two SPG membranes largely differing in mean pore size, but with virtually the same porosity (56.65 ± 0.05 %).
It is clear that the pore structure remained unchanged when the mean pore size increased.
In both cases, the membrane contains cylindrical tortuous pores forming a threedimensional interconnected network. All of the pore cross-sections are not circular, because the pores do not always intersect with the external surfaces at a right angle, and the pore joints also appear in the photographs. A non-circular cross section of the pores plays an important role in providing a spontaneous detachment of disperse phase from the pore outlets in membrane emulsification under low shear stress conditions [13] . 
In Fig. 11 , the permeability of SPG membrane to different wettable liquids (water for hydrophilic membrane and ethanol for hydrophobic membrane) is plotted against the mean pore size. The membrane permeability was calculated using the equation: P = δ m (∂J/∂∆p tm ), derived from Eqs. (7) and (13) . As shown in Fig. 11 , the permeability of hydrophobic SPG membranes to ethanol is smaller than the permeability of hydrophilic SPG membranes to pure water. It is due to the fact that water has a smaller viscosity than ethanol. The slope of the P vs. d p line of 1.98 for hydrophilic membrane (solid line) and 1.97 for hydrophobic membrane (dotted line) is similar to a theoretical value of 2, predicted by Eq. (13).
In Fig. 12 , the product of membrane permeability and liquid viscosity (the modified permeability), Pη, which is independent on the physical properties of the permeating liquid or membrane thickness, was plotted against d p 2 ε using logarithmic coordinates. It is seen that the data for hydrophilic and hydrophobic membranes can be correlated by a single line (correlation coefficient = 0.99975) with a slope of unity, whose equation is:
The modified membrane resistance, R m /δ m , is obtained from Eqs. (16) and (13):
Eq. (16) and (17) suggest that the morphology of membrane pores is remained constant over the wide interval of mean pore sizes, ranging from a submicron range to over 20 µm. This means that in spite of quite different conditions of phase separation during porous glass preparation, the prepared SPG membranes are characterized by the similar geometry of the pore space.
Using Eq. (13) and (16), the mean tortuosity factor ξ of the pores can be calculated as follows:
The calculated ξ value of 1.28 is close to 1.32, found earlier by Nakashima and Shimizu [2] for SPG membranes in the range of mean pore sizes of 0.39-8.0 µm. It is also similar to 1.25
found by Vladisavljević et al. [15] for hydrophilic SPG membranes in the range of mean pore sizes of 0.4-6.6 µm. As a comparison, the mean pore tortuosity of flat and hollow fiber polyproplylene MF membranes ranges between 1.9 and 2.8 [16, 17] .
In 
Conclusions
The non-uniform capillary bundle model of membrane permeability developed here was simplified to the conventional uniform capillary bundle model by adopting the volume- 
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